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I propose a reinterpretation of cosmic dark matter in which a rigid network of cosmic strings
formed at the end of inflation. The cosmic strings fulfill three functions: At recombination they
provide an accretion mechanism for virializing baryonic and warm dark matter into disks. These
cosmic strings survive as configurations which thread spiral and elliptical galaxies leading to the
observed flatness of rotation curves and the Tully-Fisher relation. We find a relationship between
the rotational velocity of the galaxy and the string tension and discuss the testability of this model.
PACS numbers: 11.25.Wx, 95.55.Ym, 04.60.-m, 04.80.Cc
I. INTRODUCTION
A number of independent observations have lead as-
tronomers to the the conclusion that roughly one third
of the universe is dominated by a cold, collisionless, non-
baryonic dark matter. Nothing is known about dark mat-
ter aside from the observed properties we have attributed
to it such as flat rotation curves of galaxies, lensing and
Large Scale Structure (LSS) [1].
Another aspect of the dark matter problem arises from
the correct magnitude of the power-spectrum for LSS
during the recombination epoch. The power spectrum is
nearly scale invariant and a form of CDM is necessary to
explain the magnitude of the gravitational potential nec-
essary for LSS [2]. In the contemporary universe, dark
matter is needed to explain the observed flat rotation
curves, which is thought to exist in the configuration of
a halo. Clearly, whatever dark matter is, it should ac-
count for both phenomena. Usually it is thought that
after matter-radiation equality, the density contrast of
DM clusters and creates a potential well so that baryonic
matter can fall into it. There are a number of experi-
ments that will try to directly detect DM. Nonetheless,
it is necessary to explore all possible explanations of the
dark matter problem. In this paper we shall consider a
different scenario for dark matter which we feel is well
motivated in the context of fundamental physics.
We propose a mechanism wherein cosmic strings play
a central role in explaining dark matter both at large and
galactic/cluster scales. It is well known that cosmologi-
cal symmetry breaking phase transitions can occur in the
past and topological defects will be topologically guaran-
teed depending on the symmetry breaking pattern in the
vacuum manifold.
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In this model we propose that a rigid network of cosmic
strings form after the inflationary epoch [28]. Because
they are very stiff, the cosmic strings have vanishing pe-
culiar velocity with respect to the comoving frame. These
strings have wiggles and are endowed with an attractive
radial force leading to an efficient accretion mechanism
for both warm dark and baryonic matter. Due to infla-
tionary initial conditions, both the strings and the bary-
onic matter are spatially distributed in a scale invariant
manner.
The baryonic matter will accrete onto the core of the
cosmic string forming a bound system. The cosmic string
may generate the necessary large scale power to account
for dark matter by either the emission of dark matter,
such as axions (if the strings are axionic strings) to pro-
vide the necessary power on cluster and supercluster
scales. At later times, the system evolves into a nonlinear
regime of the contemporary universe and the network of
cosmic strings will come to dominate matter density of
universe. As a result one can relate the string tension to
the observed flat rotation curve.
II. COSMIC STRINGS AND THE EARLY
UNIVERSE
It was shown that as the Universe cools to a critical
temperature Tc associated with spontaneous symmetry
breaking, various species of topological defects can form.
If the symmetry is broken from a group G to a subgroup
H, the manifold of degenerate ground states is M = G
H
and the topology of this manifold determines the types
of topological defects that can form. In particular if
non-contractible loops exists in the vacuum manifold or
equivalently, if there is a non-trivial first homotopy group
π1(M) 6= 0, then stable cosmic strings can exist[10].
Cosmic strings were postulated in the 80’s to be an al-
ternative scenario for LSS, but were eventually ruled out
by Boomerang and WMAP measurements of the peaks in
2the CMB angular power spectrum. These peaks can be
traced back to the fact that super horizon perturbation
fourier modes are in phase at the end of inflation. The
positions and heights of these peaks are very character-
istic of the inflationary scenario. The CMB experiments
do not, however, prove that cosmic strings do not exist in
the universe. It only proves that they do not contribute
more than an insignificant proportion of the primordial
density perturbation. The CMB observations give an up-
per limit on the value of the parameter Gµ. Pogosian et
al [7] find an upper limit
Gµ ≤ 1.3× 10−6
√
Bλ
0.1
, (1)
where λ is the probability of intercommuting when two
strings meet and B is the fraction of the CMB power
spectrum attributable to cosmic strings which is around
.1.
There are two important loopholes that will be crucial
for our scenario. First, in the context of inflation, strings
can play a role in seeding structure[19]. It has been shown
that most inflationary models motivated from grand uni-
fied theories and string theory generically produce cosmic
strings[14, 15]. Therefore cosmic strings can work to-
gether with inflation as a means of generating the power
on large scales necessary for sufficient structure forma-
tion.
III. THE MECHANISM
At the end of inflation cosmic strings will form ac-
cording to [8]. Inflation plays an important role in the
dark matter problem since the power necessary for LSS
at horizon crossing is best understood from the density
fluctuations generated during inflation, rather than cos-
mic strings alone. Nonetheless, it is plausible that these
fluctuations are sourced by cosmic strings which formed
during inflation, or by a curvaton field associated with
cosmic strings [20]. But once the string network has
formed we will show that on the scales of galaxies, there
is no need for dark matter to explain the flat rotation
curves.
The most important part of the model is the realiza-
tion that if strings pierce the center of galactic planes, flat
rotation curves with the correct magnitude arise with-
out fine tuning. When strings form in the early universe,
there is a net radially directed force on the baryonic mat-
ter toward the core of the string. The baryonic matter
eventually undergoes rotation about the string core due
to virialization. This condition relies on the domination
of the attractive potential of the string core over the other
forces acting on the baryons, including self gravity and
the background expansion. We will provide some esti-
mates of infall mechanism in the next section.
Infinitely straight strings are known to have a
Minkowski metric with a deficit angle, therefore they ad-
mit straight geodesics far away from the string. However,
this is not the case for strings with wiggles as they have
an attractive potential in the radial direction. The en-
ergy momentum tensor of a wiggly global string segment
oriented the z axis is approximated as:
T µν = δ(x)δ(y)diag(µ, 0, 0, T ) (2)
where µ and T are the effective mass per unit length
and tension of the string respectively. In the case with
T = µ, the above is the effective energy momentum ten-
sor of an unperturbed string with tension µ as seen from
distances much larger than the thickness of the string
(a Nambu-Goto string). However, real strings develop
small-scale structure and are not well described by the
Nambu-Goto action. When perturbations are taken into
account T and µ are no longer equal and can only be
interpreted as effective quantities for an observer that
cannot resolve the perturbations along its length. In
this case, Carter has proposed [11]that when the trans-
verse speed, cT = (T/µ)
−1/2 and longitudinal speed
cL = (−dT/dµ)1/2 coincide, there is a new equation of
state
µT = µ20, (3)
hence, describing the energy-momentum of a wiggly cos-
mic string as seen by an observer that cannot resolve the
wiggles or other irregularities.
The gravitational field of the wiggly string can be
found by solving the linearized Einstein equations with
T µν from eq (2). This gives [21]
h00 = h33 = 4G(µ− T )ln(r/r0) (4)
h11 = h22 = 4G(µ+ T )ln(r/r0) (5)
where hµν = gµν − ηµν is the metric perturbation and
r0 is a constant of integration [18]. In this gauge we can
obtain the gravitational force acting on a test particle
follows
~∇Φ = G(µ− T )
r
(6)
where 2Φ = h00.
Now let us imagine placing in this string perpendicular
to the center of the disk of a spiral galaxy[29]. In the weak
field limit the modified poisson equation is:
atot = ~∇ΦGalaxy + ~∇ΦCS = GM
r2
+
G(µ− T )
r
(7)
If one modifies Newton’s law to the following form [22]:
a =
GM
r2
+
BM1/2
r
. (8)
where B =
√
Ga0 and a0 = cH0 and r is the radius
in spherical polar coordinate such that the origin lies at
3the center of a galaxy, we will obtain both flat rotation
curves as well as the observed Tully-Fisher (TF) for spiral
galaxies (ie. L ∝ v4 where L is the luminosity). Let us
compare eqs (7) and (8) we immediately see that they
are identical if
G(µ− T ) =
√
Ga0M (9)
We can find a condition on the string mass and the galaxy
mass in the regime where the string potential dominates,
from eq 7:
µ− T = Mg
Rg
(10)
where Rg is assumed to be the radius of the Galaxy. We
now substitute this value into eq(9) and find the relation
GMg
R2g
= cH0 (11)
which is the phenomenological relation of Milgrom’s law
(MOND) [23]. We have therefore found a consistency
between our cosmic string configuration and the phe-
nomenological fit for spiral galaxies which lead to flat
rotation curves and TF.
Our result states that the tension of the string pos-
sesses the correct magnitude to account for the flatness
of the rotation curve. It is intriguing to ponder the nature
of the dynamical origin of this relationship; it is expected
to be nonlinear in origin. Furthermore the magnitudes
match because WMAP constrains G(µ− T ) ≤ 10−7 and
it is observed that
GMg
Rg
∼ 10−7[9].
A. Cosmic Strings and Structure Formation
Revisited
The CMB observation that Ω = 1 on large scales neces-
sitates a dark component which clusters on large scales.
However, at the same time it has been reported that
the WMAP data requires loss of power at large angular
scales. Cosmic string networks can possibly account for
both phenomena. First, it was shown by Vilenkin that
an isotropic network of nonintercommuting strings can
solve the Ω = 1 problem of the inflationary scenario[21].
This mainly happens because the network energy density
ρn ∝ a(t)−2, leads to the expansion rate a(t) ∼ t. The
expansion rate is the same as a matter-filled universe with
Ω < 1 at late redshifts 2 + z << Ω−1. Thus the evolu-
tion of a string-dominated universe with Ω = 1 mimics
the behavior of an Ω ∼ (2 + zs)−1 < 1 universe[13, 24]
[30] . This could potentially solve the Ω = 1 dark matter
problem as well as providing a beneficial increase in the
apparent age of the universe. For the strings not to spoil
nucleosynthesis, there will be a constraint on the correla-
tion length of strings ξ. This constraint originates from
demanding the strings do not overclose the universe:
Ωs =
ρs
ρc
< 1 (12)
Using the solution for cosmic strings we arrive at the
following result.
[
ξ
t
]now = (30Gµ)
1/2 (13)
For our model Gµ ∼ 10−7 leads to a correlation length
ξ ∼ 1Mpc (14)
Notice that if the strings are formed at the end of in-
flation and the network of strings are frozen in comov-
ing coordinates from the beginning, then the correlation
length will be much smaller than 1Mpc; which is com-
parable to the comoving Hubble scale during recombina-
tion. This happens primarily because the cross section of
typical field theoretic string interactions is taken to be a
constant. However, in the context of cosmic superstrings
the cross section can decrease with time, since the dila-
ton would not be constant[25, 26]. If the string network
evolves from the end of inflation to recombination and
freezes, then the correlation length can be on the order
of 1Mpc today.
This model was considered in the past by Vilenkin,
but it failed to explain clustering on galaxy-cluster scales.
Therefore, provided that this network can accrete bary-
onic matter on smaller scales, both large and small scale
dark matter problems can be solved. Below we present
the small scale solution in the spirit of past work by
Zanchin, Lima and Brandenberger (ZLB) [17].
B. The ZLB Mechanism and Rigid Strings
If indeed cosmic strings are at the center of galaxies
we must understand how galaxies formed in that man-
ner; how matter fell into the core of the strings at high
redshifts. In past investigations cosmic strings were pro-
posed as the seeds for galaxy formation. There were
three distinct mechanisms: wakes, cusps and filaments.
We shall focus our attention on the filamentary mecha-
nism. The basic idea is that slowly moving wiggly cosmic
strings have a locally attractive force which can accrete
matter in its wake. This happens because strings with
small scale structure (wiggles) have a local Newtonian
potential; discussed in Section III. Therefore, our mech-
anism will require matter to accrete onto the string core
due to the attractive potential; the same one which yields
the flat rotation curve today. If the cosmic strings are
rapidly fluctuating then the matter is less likely to fall
in. So what we need is a mechanism which suppresses
relativistic transverse fluctuations of the string locally.
An attractive way to maximize infall of hot dark mat-
ter and baryonic matter and suppress relativistic trans-
verse oscillations is for strings to behave like a solid. Orig-
inally cosmic strings in structure formation had an equa-
tion of state only relating pressure and energy density.
But it was shown by Bucher et al. that strings can be
have a bulk modulus which renders them stiff[27]. In this
4case there will be shear stress which acts to prevent the
string network from undergoing large transverse oscilla-
tions. Bucher and Spergel realized that a static isotropic
distribution of strings could have a large bulk rigidity
modulus [27]. The rigidity bulk modulus is defined as
the change in energy density ρ due to an infinitesimal
volume conserving spatial displacement
δρ = µeijeij (15)
where eij is an infinitesimal strain tensor and µ is the
bulk rigidity modulus. In a recent paper, Bucher, Carter
and Spergel found that networks of strings and domain
walls can have a large bulk modulus
µ =
4
14
ρ (16)
This large bulk modulus for a network of solid cos-
mic strings and domain walls can suppress transverse
fluctuations[12, 27]. With this in mind we are equipped
to resort to the accretion mechanism proposed by Bran-
denberger et al. [17]. The mechanism demonstrates that
strings carry a substantial amount of small-scale struc-
ture, thereby acting gravitationally as a Newtonian line
source whose effects dominate the velocity perturbations.
Even with hot dark matter, the first nonlinear filamen-
tary structures form at a redshift close to 100, and there
is sufficient nonlinear mass to explain the observed abun-
dance of high redshift quasars and damped Lyman alpha
systems. The mechanism makes use of the Zel’dovich
approximation.
Let us follow a heuristic argument put forth by Shellard
and Vilenkin. Consider a hot dark matter particle whose
position is given by
r(q, t) = a(t)[q − ψ(q, t)], (17)
where q is the comoving coordinate and ψ is the comoving
displacement due to the gravitational perturbation. By
combining Newtonian gravitational force equation, the
Poisson equation for the Newtonian gravitational poten-
tial, using conservation of matter and expanding to first
order in ψ one arrives at the following equation for the
comoving displacement of a background particle
∂2ψ
∂t2
+
2a˙∂ψ
a∂t
+
3a¨
a
ψ = S(q, q′), (18)
where S stands for the source term. So far the analysis
is general. We now specialize to our case in which the
perturbations are generated by a long straight string with
small scale structure whose strength is given by the value
of Gλ, where λ = µ− T . Then the source term is given
by
S =
2λG
a2
q − q′
|q − q′|2 . (19)
In the case of hot dark matter, the authors [16, 17]
showed that at a ”turn around” time, the particles decou-
ple from the Hubble flow and start falling back towards
the string core. The ZLB mechanism predicts that non-
linear structures form at a redshift close to z ∼ 100 with
sufficient nonlinear mass to explain the observed abun-
dance of high redshift quasars and damped Lyman alpha
systems.
IV. DISCUSSION
In this paper I speculate that flat rotation curves can
be accounted for if cosmic strings thread the center of
galaxies. These strings would form a web like structure
on large scales. I also argued that these string networks
could form generically after a U(1) symmetry breaking
after inflation. The cosmic string would accrete baryonic
matter into its core as a mechanism for virializing pro-
togalaxies. I revisited this accretion mechanism of Bran-
denberger and Turok and the ZLB mechanism, using the
Zeldovich approximation. On large scales I calculated
the persistence length of the cosmic string network given
the constraints on the tension of the string, which was
found be consistent with large scale structure data.
This idea is new and will have to pass two tests. First,
this network is non-relativistic so the current weak lens-
ing constraints on cosmic strings will not apply. Nonethe-
less, a weak lensing analysis needs to be carried out for
such a network of strings. Second, a concrete microphysi-
cal mechanism is lacking to explain the needed bulk rigid-
ity of the sting network. These two issues are currently
in pursuance.
This model is testable since it predicts no excess po-
tential in the z-direction for thin disk spirals; the z-
component of the velocity dispersion should trace the
baryonic mass, not the dark mass. The dominant mode
for forming ellipticals is through spiral collisions - what
do the strings do then? This situation could be ana-
lyzed computationally. In general the strings will be mis-
aligned, which is good in terms of inducing high velocity
dispersions [31].
How does this model impact Dwarf galaxies? Do they
also have strings? Dwarf galaxies have an unexplained
scale length of 300pc and there are far fewer than ex-
pected from standard CDM models, but there are still
many of them for each big galaxy and they fall into big
galaxies, especially at z ≫ 2.
Since most galaxies possess a supermassive black
hole(SMBH), are these strings tied to the SMBH’s ro-
tation pole? If so, then this model predicts that central
SMBHs must have their spins aligned with the galaxy.
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